Modeling Calcium-Induced Solubility in Caprine Milk Caseins
Using a Thermodynamic Linkage Approach?
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ABSTRACT

The phenomena of calcium-induced
precipitation of bovine and caprine
whole caseins (salting out) and the
resolubilization of these proteins at
higher calcium concentrations (salting in)
are thermodynamically linked with
changes in protein solubility resulting
from calcium binding. The differences in
calcium sensitivities of caprine whole
caseins under various conditions of tem-
perature and ionic strength (KCI) appear
to be correlated with the content of the
agi-casein component. However, the
solubility behavior of caprine whole
caseins characterized by low content of
aig1-casein (5% of total) is more closely
related to solubility properties displayed
by bovine casein (38% of total). The
properties of whole caprine casein high
in o -casein content (17% of total) ap-
pear to be dominated by the binding of
calcium to higher affinity sites (phos-
phate groups), which results in less sta-
bility. Decreasing the temperature to 1°C
dramatically altered the salting out of
both caprine caseins but not bovine
casein. These results suggested that the
solubility and calcium-binding properties
of caprine whole caseins are in part de-
termined by hydrophobic interactions.
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However, salting out of both of the
caprine caseins is effected by competi-
tive K+-Ca2* binding at 1°C, indicating a
role for ionic interactions as well. Be-
cause such KCl-dependent changes do
not occur in whole bovine caseins,
protein-protein interactions appear to be
stronger in this case. These results show
that alteration in casein composition can
clearly effect the functionality of the
whole casein and that thermodynamic
linkage analysis can readily quantitate
these differences that are linked to cal-
cium binding.

(Key words: calcium binding, caprine
casein, ag-casein, thermodynamic link-
age)

Abbreviation key: k = salting-out or salting-
in constants (used with 1 or 2, respectively).

INTRODUCTION

Problems in controlling physical properties
of milks and dairy-based products can often be
solved empirically, but long-term solutions re-
quire knowledge of the molecular structure.
For instance, the solubility and colloidal stabil-
ity phenomena of caseins have been studied
for individual components and their calcium-
binding capacity (8, 9, 15), but the casein
micelle consists of a mixture of og)-, os2-5 B,
k-, and other minor casein components (10).
Based upon studies of purified bovine milk
proteins, ogj-casein is theorized to be one of
the most important structural components in
the casein micelle. However, Raman spec-
troscopy experiments have shown that secon-
dary structural differences exist between those
observed for whole casein and those calculated
from the sum of its purified component parts



(5). Thus, the binding of calcium to the caseins
(whole casein or its principal components, o1-
and (-caseins), which is of fundamental impor-
tance in the formation of the micelle not only
in vivo but also in food processing, could vary
with altered casein composition as the result of
protein-protein interactions. Indeed, for in-
dividual components, calcium binding is ther-
modynamically linked to both solubility and
colloid stability (8, 9, 15). There is, then, much
need to investigate such changes on complex
protein systems, such as whole casein, where
interactions among several casein components
occur,

Caprine milk caseins have been the subject
of controversy in that the level of og1-casein
has been reported to be low or nonexistent @3,
6). However, considerable variation has now
been reported (1, 11, 16, 17) for the content of
agj-casein in caprine milk. This variation is
important; Schmidt and Koops (24) have
demonstrated that, for synthetic bovine
micelles, alteration of the ratios of the various
casein components dramatically changes the
functionality of the system. Thus, an under-
standing of milk protein-protein interactions in
the presence of calcium is important in the
study of casein functionality and micelle sta-
bility. In order to begin to understand protein-
protein and protein-salt interactions, these in-
teractions need to be compared in systems
containing salts. An equation based on the
concepts of Wyman’s theory of thermo-
dynamic linkage (28) was recently proposed to
quantify the linkage between calcium binding
and resultant changes in solubility for in-
dividual bovine caseins (8, 9). This model has
now been extended to quantify, for whole
caseins, the degree of solubility related to cal-
cium binding, to elucidate the interactions be-
tween calcium and caprine whole caseins
characterized by low and high contents of the
ag-casein component, and to compare these
results with those found for whole bovine
casein.

MATERIALS AND METHODS

Deionized Water

Deionized water, prepared by passage of
distilled water over a mixed bed cation-anion
exchanger, was used throughout this study.

Sources of Caseins

Whole caseins were prepared by isoelectric
precipitation of the individual skim milk sam-
ples obtained from French-Alpine goats. The
precipitate was dissolved by addition of NaOH
to yield a solution of pH 7.0. The casein was
reprecipitated, washed, and then resuspended.
The sodium caseinate was subsequently cooled
to 4°C and centrifuged at 100,000 x g for 30

'min to remove residual fat. Finally, the suspen-

sion was dialyzed versus cold deionized water
at 4°C for 72 h with three changes and then
lyophilized.

The integrity of the samples was confirmed
by SDS-PAGE, and densitometry was used to
assess the relative concentrations of casein
components (2).

Solubility of Caseins

Solubility of caprine caseins at 1 and 24°C
was determined as follows. 1) Caseins (about
20 mg/ml) were dissolved in water and pH
adjusted to 7.0 with .IN KOH or NaOH; the
solution was then equilibrated in a water bath
at the desired temperature for 20 min. 2) To 2
ml of protein solution (in thick-walled cen-
trifuged tubes), 2 ml of CaCl, solutions, with
or without buffer, and KCl were added. The
tube was inverted and left to stand at the
desired temperature for 30 min. 3) Tubes were
centrifuged for 15 min at 43,654 x g at the
desired temperature in an ultracentrifuge
(model L-7; Beckman Instruments, Palo Alto,
CA) with an SW 60 Ti swinging bucket rotor.
4) One milliliter of supernatant was transferred
to a 10-ml volumetric flask containing 1 ml of
N-sodium citrate plus a few milliliters of water
and made up to volume with water. When
solubility is determined at 1°C, pipettes must
be prechilled to avoid precipitation of protein
in the pipette. Concentrations were determined
in 1-cm cuvettes at 280 nm; an absorptivity of
.850 ml/mg cm at 280 nm was used for whole
casein (22).

Theory and Data Analysis

Wyman’s concept of linked functions (28)
was useful for the treatment of the sequential
precipitation (salting out) and resolubilization
(salting in) of individual bovine casein compo-
nents (8, 9). The best fit was found for a model



assuming two classes of binding sites for the
ions responsible for the processes mentioned.
The equilibria involved were formulated as

Kl Ko
p + nx S PXp + mx (—é
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PXpXm
s (1]

where p is the unbound protein; x is the free
salt; n and m are the number of moles of X
bound to species PX, and PX;Xy,; and Sq, Sy,
and S, are the solubilities of the liganded
species indicated. For this study, S; and S
will be relative to Sp. The mathematical rela-
tionship representing this stoichiometry can be
represented according to

Sapp = Sof®) + Sif(PXyp) + Szf(PXnXm),Z]
[

where Sy is the apparent protein solubility at
a given salt concentration (Xt), f(i) are the
protein fractional components of species i, and
the S are species previously defined. Incorpo-
ration of the salt-binding equilibrium constants
(k; and ky) as defined by [1] into [2] yields
Sop S,k]px"
+
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where p is the concentration in percentage of
the unbound protein, and x is the concentration
of unbound salt. Cancellation of common
terms yields
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- ‘Equation [4] represents- sequential binding.
That is, k; > k3 and the n sites become satu-
" rated with X prior to sigtificant binding of X
to the m sites. Also, for n or m > 1, k; and k3
represent a mean value for each class of the n

or m binding sites. In reality, n or m moles of
salt will bind with only one equilibrium con-

stant (K;) (e, K; = k] and Kp = k. The

values of Equation [4] have so far been derived
in terms of free salt; however, the equations
can be extended to total salt concentration for
two reasons: first, addition of Ca?* causes the
rapid polymerization of whole casein (27, 29)
such that the number of particles present is
small (a high degree of aggregation); second,
corrections for binding, which can be done for
purified caseins, altered our ability to use
Equation [4] because the overall shapes of the
plots remain constant, but their inflection
points are shifted to lower values since the
concentration of free calcium is lower than that
of total calcium (15). Estimation of binding
constants and the equation for the conversion
to free salt have been given (15). This work
compares three different caseins to suggest a
practical end use, and thus total calcium is
used throughout the study.

The model in Equation [4] was applied in
the present study to the calcium-induced solu-
bility profiles of caprine caseins. These solu-
bility profiles were analyzed using an iterative
nonlinear regression program (NLLSQ in
BASIC) on a microcomputer that employed the
Marquardt algorithm. This program minimizes
the standard deviation of the experimental
points from the curve, also known as the root
mean square. The n and m values yielded the
minimum root mean square value for the
analysis with the minimum error in Kq and ko.

RESULTS

Calcium-Induced Solubility Profiles
of Bovine and Caprine Caseins

Solubility profiles of whole bovine and
caprine caseins in the presence of Ca2+ were
studied; the soluble fraction was estimated af-
ter incubation for 20 min and centrifugation
for 15 min at 43,700 x g. This centrifugation
regimen was originally selected to test the
solubility of purified caseins by clearing cal-
cium caseinate precipitates from solution; in
these cases, equilibrium was demonstrated be-
tween complexes and soluble phase (27). Here
the method is adapted to whole casein, and
each point represents a separate equilibrium. In
these experiments, as the Ca2* content is



raised in discrete increments, synthetic micelle
formation occurs, and then a percentage of the
micellar and nonmicellar caseins precipitates
(salts out) under these conditions. At even
higher Ca2* concentrations, salting in occurs.
The test, then, in essence measures changes in
serum casein as a function of calcium concen-
tration. Through variations of salt concentra-
tions, or temperature, or both, the roles of ionic
and hydrophobic interactions in the precipitat-
ing complexes can be dissected by quantitating
their effects on salting out or salting in. Ana-
lyses of these results will be informative
regarding the types of bonding that initially
induce micelle formation and lead to precipita-
tion and subsequent resolubilization.
Wyman’s theory of thermodynamic linkage
is based upon the concept that changes in an
observable physical quantity (in this case solu-
bility) can be linked to ligand binding. In
previous studies on isolated caseins (8, 9, 15),
the precipitation of the caseins in the presence
of calcium was indeed shown to be linked to
calcium binding, and calcium binding is the
driving force in the precipitation reaction. This
fact has been recognized by other workers (21,
27). Also important is that ligand binding,
which is not linked to solubility, will not be
disclosed by the method of analysis (e.g., B-
casein binds calcium at 1°C, but the complex
remains soluble). Equally important is that, for
whole caseins, cooperative interactions may
predominate, so that the integer values used to
fit Equation [4] reflect mean numbers found in
the regions in which changes in solubilities
occur, and these are often not identical to the

TABLE 1. Comparison of the percentage of casein distri-
bution of bovine and caprine caseins by densitometry.

Low High
Casein caprine caprine
type Bovine agp-casein!  oyp-casein?
ag-Casein~ 10.0 20.0 6.2
og1-Casein ~ 38.0 5.0 17.1
B-Casein 40.0 48.0 50.1
«-Casein 12.0 16.0 17.5

IThis casein contained one of the lowest contents of
agq-casein component in caprine milk found by Mora-
Gutierrez et al. (18).

2This casein contained one of the highest contents of
ag)-casein component in caprine milk found by Mora-
Gutierrez et al. (18).

total number of calcium-binding sites in, e.g.,
equilibrium dialysis.

Figures 1 and 2 show the Ca?*-induced
solubility profiles at 24°C of bovine and two
caprine caseins. The two caprine caseins were
selected as being high and low in «g;-casein,
recognizing that bovine casein is far above
these two in «g;-casein content (Table 1). All
caseins show an initial precipitation (salting
out), followed by a leveling off, which is inter-
preted as a salting in, the reversal of the
precipitation process. In order to quantify the
data, iterative nonlinear regression analyses (9,
15) were performed applying the concept of
thermodynamic linkage. The data of Figures 1
and 2 were fitted with Equation [4], and the
results are listed in Table 2.

The Ca2*-induced solubility studies at 24°C
on bovine casein (Figure 1) and caprine casein

TABLE 2. Calcium-induced solubility of caprine and bovine caseins at 24°C.!

Casein kl S]z k2 Szz
— (L/mol) — — (L) — — (/mol) — — @L) —
X SE X SE X SE X SE
Caprine
Low in agp-casein3 68 12 2.5 15 2.8 6 32 2.2
High in ag)-casein3 137 13 .8 2 44 6 1.2 3
Bovine4 24 1 1.1 1 6.9 6 33 2

ISolutions buffered at pH 7.0, 10 mM imidazole-HCl, .07 M KCL.
%k = Salting-out constant, ky = salting-in constant, Sj = the soluble protein species defined in Equation [1].

30 = 1, m = 2, where n and m are binding sites.
‘n=3m=2



with low content of agj-casein (Figure 2A)
appear to the eye to have solubility behaviors
that are similar. However, the calculated values
of kj, the salting-out constant, were signifi-
cantly different; the values of n, the apparent
number of moles of Ca2* bound to Sy species
to induce precipitation, were also different (Ta-
ble 2). The larger k; obtained for the caprine
casein with low content of the agj-casein com-
ponent (k; = 68 + 12) compared with that for
bovine casein (k; = 24 % 1), coupled with n'=1
for caprine casein, are all highly suggestive of
linkage of solubility to binding sites having a
more cooperative (concerted) character and a
slightly higher affinity for Ca?* in caprine
caseins. The high caprine ag-casein had the
greatest kj (137 £ 13); withn =1, this curve is
indicative of more cooperative interactions in
caprine caseins. Because thermodynamic link-
age discloses the nature of only those binding
sites that lead to a change in the physical
parameter measured (in this case solubility),
the following interpretation can be offered for
the differences observed in Table 2. All
caseins first bind calcium and form synthetic
micelles. The caprine casein high in ag-casein
content appeared to be salted out at a relatively
lower calcium concentration (7 mM is the con-
centration for one-half precipitation, calculated
from 1/k;). Thus, the high caprine ag-casein
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Figure 1. Solubility of 24°C of bovine casein as a
function of increased CaCly concentrations. Solutions
buffered at pH 7.0, 10 mM imidazole-HCl with .07 M KCL
The experimental data, done in triplicate, were averaged
and fitted with Equation [4] by nonlinear regression analy-
sis. Results of analyses are in Table 2.

caseinate may not form synthetic micelles that
are stable over the broad range of calcium ion
concentrations occurring in milk (10). How-
ever, the low caprine ag)-casein and the bovine
casein are half salted out at 15 and 42 mM,
respectively, which is above the calcium ion
concentrations in milk; these caseins are
predicted to exhibit increased stability for their
synthetic micelles.

The salting-in constants presented in Table
2 differ markedly in magnitude from the
respective salting-out constants. Salt binding to
higher affinity sites induces precipitation, and
then lower affinity Ca?* sites (as inferred from
the small ky values) would be involved in
binding, which leads to resolubilization of
these milk proteins at higher salt concentra-
tions (140 to 300 mM). The value of the
salting-in constant for bovine casein (kp = 6.9
+ .6 L/mol) is larger than those of either
caprine casein. One would expect that the pres-
ence of secondary binding sites with higher
affinity for Ca2* would lead to a more solubi-
lized bovine casein at higher CaZ* concentra-
tions. However, caprine casein with low con-
tent of a-casein is predicted by Equation [4]
to be salted in to the same extent as bovine
casein (Table 2, Sy). In the case of bovine -
casein, even though Ca?* binds to the protein
(21), the complexes are cold-soluble because of

Soluble protein, mg/ml

CaCl,, mol/L

Figure 2. Solubility at 24°C of caprine casein with A)
low and B) high content of the ag-casein as a function of
increasing CaCl, concentrations. Solutions buffered at pH
7.0, 10 mM imidazole-HCl with .07 M KCl. The ex-
perimental data, done in triplicate, were averaged and
fitted with Equation [4] by nonlinear regression analysis.
Results of analyses are given in Table 2.
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Figure 3. Solubility at 1°C of bovine casein as a
function of increasing CaCl, concentrations. Solutions
were buffered at pH 7.0, 10 mM imidazole-HCl with .07 M
KCl. The experimental data, done in triplicate, were aver-
aged and fitted with Equation [4] by nonlinear regression
analysis. Results of analyses are in Table 3.

their highly hydrophobic nature; it was there-
fore of interest to study the solubility profiles
of the caprine caseins at 1°C because SB-casein
is the predominant casein (23) in these milks
(Table 1).

Effect of Reduced Temperature on
Calcium-Induced Solubility

Calcium-induced solubility was also studied
at 1°C; data of Figures 3 and 4 were analyzed
according to Equation [4] using nonlinear
regression analysis. The final values with the
corresponding standard errors of the salting-
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Figure 4. Solubility at 1°C of caprine casein with A)
low and B) high content of the cgj-component as a
function of increasing CaCl, concentrations. Solutions
buffered at pH 7.0, 10 mM imidazole-HCI with .07 M KCI.
The experimental data, done in triplicate, were averaged
and fitted with Equation [4] by nonlinear regression analy-
sis. Results of analyses are given in Table 3.

out constant, ky; the salting-in constant, ky; the
minimum solubility (S;); and the predicted
solubility (S;), which occurs after salting in,
are presented in Table 3.

Changes occurring in the solubility and
related properties of proteins as a result of
increasing concentrations of salts have been
mainly attributed to effects upon electrostatic
interactions and hydrophobic bonding (9, 26).
By studying these solubilities at 1°C, at which
temperature  hydrophobic  effects  are
minimized, solubility due to binding and thus
salting out, as well as electrostatic salting in
effects, can be assessed. Results from the pres-

TABLE 3. Calcium-induced solubility of caprine and bovine caseins at 1°C.!

Casein ky S;2 ko Sy2
— (L/mol) — — L) — — (L/mol) — — @L) —
X SE X SE X SE X SE
Caprine
Low in «gp-casein3 63 10 29 4 5.1 4 37 3
High in ag;-casein3 114 9 29 1 25 1 52 4
Bovine?4 15 1 1.0 .1 53 8 6.4 .6

ISolutions buffered at pH 7.0, 10 mM imidazole-HCI, .07 M KCI.

%k =
32 = 1, m = 3, where n and t_n‘ are binding sites.
“hM=3m=1.

Salting-out constant, ky = salting-in constant, S; = the soluble protein species defined in Equation [1].



ent study suggested that increasing concentra-
tions of CaCl, at 1°C (Figures 3 and 4, respec-
tively) had two distinct effects upon the
solubility properties of the caseins. At low
calcium concentrations (approximately .05 to
.10 M), all caseins were salted out (presumably
by calcium binding), as evidenced by signifi-
cant decreases in protein solubility (S;; Table
3). Addition of CaCl; at concentrations greater
than that necessary for synthetic micelle for-
mation, tends to neutralize electrostatic repul-
sion and thus favor a reduction in solubility
even though hydrophobic associations are
minimized at 1°C. At higher CaCl, concentra-
tions (>.10 M), resolubilization of the caseins
occurs. This phenomenon has been ascribed
for purified agi-casein to increased charge of
the calcium-protein complex (9, 27) (i.e., rever-
sal to a net positive charge as a consequence of
cation binding).

The generally larger k; values obtained in
the presence of calcium for caprine casein high
in the a4 -casein compared with those of
caprine casein low in the ag-casein and bovine
casein (Tables 2 and 3) indicate a higher salt
sensitivity of this type of caseinate regardless
of temperature. Thus, these micelles are least
stable to added calcium ions, even in cold
temperatures. Mora-Gutierrez et al. (19) found
that purified caprine oy -casein is more cold-
soluble than bovine o -casein B. This result,
coupled with the predominance of the cold-
soluble B-casein in caprine caseins and studies
of isolated casein components (8, 9, 15),
predicts much higher calcium solubilities for
caprine casein at 1°C than were observed in the
present study. That protein-protein interactions
play a role is evident; Byler and Farrell (5)
observed increased structural components for
whole caseins over those summed from their
components by infrared spectroscopy. The
differences in salt sensitivities of the caprine
caseins represented in Figures 1 through 4 may
thus be explained by compositional differ-
ences, in particular the oy ;-casein component,
which may alter solubility properties through
concentration dependent protein-protein inter-
actions with k-casein.

The two other parameters obtained by this
analysis are n and m. The n and m values are
the same, n=1landm=3at1°Candn=1
and m =.2 at 24°C for both caprine caseins.
The relatively low values for n and m should

not be interpreted literally as only a simple
binding site, because it is well known that
multiple-binding sites with exactly the same
equilibrium constant yield only a single bind-
ing isotherm (9, 15). Hence, a value of n or m
represents a class of protein-binding sites per-
haps even acting in a cooperative fashion
rather than a single binding site linked to the
solubility change of the protein; that is, the
larger n or m is, the greater the number of sites
acting independently. Moreover, the amount of
B-casein is higher in caprine caseins, which
suggests that the whole caprine caseins have
lower net negative charge than the bovine
casein at the pH conditions of milk, and there-
fore could bind, overall, less calcium under our
experimental conditions. At 1°C, the degree of
polymerization is much lower, and more
potential sites for calcium binding may be
exposed. The observed increase in m values at
1°C (Tables 2 and 3) clearly indicates that both
caprine caseins expose a higher number of
weak secondary sites for calcium binding as a
result of decreased casein self-association.
However, k; is still much greater for the high
caprine oy -casein, even at 1°C. If indeed k;
and ky are constants linked to solubility, then
effects of salt on these constants can be tested.
For example, K* could compete with Ca2t and
thus provide knowledge regarding relative
bond strengths in the precipitates, particularly
at 1°C.

Effect of lonic Strength on Calcium-
Induced Solubility

Figure 5 represents the effect of varying the
ionic strength (KCl) on the calcium-induced
solubility profiles for caprine caseins with low
or high content of o;-casein, respectively. The
analyses of the data are summarized in Tables
4 and 5. The calcium-induced precipitation of
the caprine caseins diminishes with an increase
in ionic strength; S; increases with increased
KCl. This increase indicates that electrostatic
interactions are important in binding of the
calcium, which is thermodynamically linked to
the solubility of the caseins under the condi-
tions studied. Electrolytes tend to weaken salt
linkages by producing a stabilizing Debye-
Hiickel atmosphere around the charged groups
when they are in the dissociated form (14), and
a general electrostatic effect resulting from
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competition between Ca2+ and K* for negative
protein-binding sites was suggested (8, 9) as
the mechanism responsible for the increased
solubility of bovine ag;-casein A at high ionic
strengths (KCI).

The general decrease of k; values upon
increasing concentration KCl is highly sugges-
tive of displacement of Ca2+ by K* from bind-
ing sites on these proteins. Interestingly, no
changes in k; occurred with changes in KCl
for whole bovine casein (19). Here, then, is the
major difference between the bovine and
caprine caseins. The bovine caseins bind cal-
cium, form synthetic micelles, and precipitate;

Soluble protein, mg/ml
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Figure 5. Solubility at 1°C of caprine casein with A)
low and B) high content of the agj-component as a
function of increasing CaCl, and KCl concentrations. Key:
A, .140 M KCI; o, .105 M KCI; m, .07 M KCl; A, .035 M
KClI; @, no buffer or KCL. (B) Key: m, .140 M KCI; A, .105
M KCI; A, .07 M KCI; o, .035 M KCI; 0, no buffer or
KCl. The experimental data, done in triplicate, were aver-
aged and fitted with Equation [4] by nonlinear regression
analysis. Results of analyses are given in Tables 4 and 5.

their calcium-protein and protein-protein inter-
actions are far more stable than those of both
caprine caseins at 24 and at 1°C over the
concentrations of KCl used in these studies.
The caprine caseins are less stable in general,
and the ki, or salting-out constants, are more
sensitive to KCl at 1°C. Such behavior is in
line with a higher degree of hydrophobic inter-
actions in the caprine caseins. Plots of ky for
the two caprine and bovine caseins as a func-
tion of KCl are given in Figure 6, which shows
that k; values for both caprine caseins are high
in the absence of KCl and then decrease with
added salt.

The plots of Figure 6 were analyzed with
Equation [4]. The k; values for the high
caprine oy -casein decrease to a limiting value
with a calculated constant for the transition of
240 L/mol. The k; values for the low caprine
ap-casein also decrease with a constant for the
transition equal to 27. Also different for the
low caprine a;-casein protein is its behavior at
increased KCl concentrations. Here, the low
caprine ay;-casein has a k; that approaches that
of bovine casein (mean = 15 + 2 L/mol) and
then rises dramatically. The calculated constant
for this second transition in 8 L/mol. It is
noteworthy, from the large k; values for the
caprine caseins in the absence of KCl (Tables 4
and 5), that a decrease in electrostatic repulsion
leads to considerable protein precipitation be-
cause of the binding of calcium to the protein.
Addition of KCI decreases kj, so the simplest
interpretation appears to involve competitive
K*/Ca?* binding. However, for the low caprine
oy -casein this trend is reversed at elevated
KClI; whether this trend is caused by K* or Cl-
is uncertain. However, 3-casein is the predom-
inant protein in the caprine casein. Thompson
et al. (25) observed large increases in the de-
gree of calcium-induced hydration of bovine
B-casein at elevated KCl concentrations. Here,
for the low o -casein (highest S-casein), in-
creased salt binding may lead to dramatically
changed solvation and concomitant increase in
k;. For the high caprine ay;-casein, this change
does not occur perhaps because of its increased
oy -casein. The estimated S, values reflect the
considerable electrostatic repulsion as a conse-
quence of the binding of K*-Ca2t to the low
caprine oy -casein. The S, values for high o;-
casein are relatively unaffected by KCl as are
the S; of bovine casein (19). The overall differ-
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TABLE 4. Ionic strength dependence of calcium-induced solubility of caprine casein low in og)-casein at 1°C.

KCl1 k; Sl1 ko S21
— (L/mol) — .= (mg/ml) — — (/mol) — — (mg/ml) —
(mM) X SE X SE X SE X SE
02 210 37 1.0 1 45 3 5.0 3

353 113 7 26 1 3.8 09 53 2
704 61 11 2.7 5 5.1 4 39 6
1055 30 3 40 1 3.8 2 39 5
1406 133 8 59 1 3.8 4 1.8 1

Ik; = Salting-out constant, ky = salting-in constant,

2n = 1, m = 2, where n and m are binding sites.
=1, m=3
h=1m=3
Sn =1, m=3.
6n =8, m = 2.

ence for the calcium-induced solubility be-
havior of both caprine caseins at several ionic
strengths (KCl) (Figure 5) seems to reside in
the relative contents of casein. The presence of
high concentrations of B-casein should make
the caprine caseins extremely soluble and un-
responsive to calcium precipitation at 1°C, but
some stronger protein-protein interactions
overcome this anticipated effect, particularly
for the high o, -casein caseinates. The sensitiv-
ity of the k; values of caprine caseins to KCl
reflect overall weaker protein-protein interac-
tions than for bovine casein. Moreover, little
change in the value of kj, the salting-in

S; = the soluble protein species defined in Equation [1].

equilibrium constant, is observable for either
caprine casein as a consequence of increasing
ionic strength (KCl) in Tables 4 and 5. How-
ever, for the caprine casein low in o;-casein at
all ionic strengths, the k; values decrease and
are somewhat higher than the corresponding
estimates for caprine casein high in ay-casein.

DISCUSSION

This study focuses on the effects of calcium
binding on the solubility of whole caseins and
compares three caseins with varying ratios of
o~ O, -, and k-casein components. Cal-

TABLE 5. Ionic strength dependence of calcium-induced solubility of caprine casein high in agy-casein at 1°C.

KCl k; Sll ky Szl
— (U/mol) — — (mg/ml) — — (Umol) — — (mg/ml) —

(mM) X SE X SE X SE X SE
02 276 28 1.1 2 32 3 4.1 5
353 87 9 1.8 2 3.5 1 40 4
704 114 9 29 1 2.5 1 52 4
1055 78 7 3.5 2 2.7 1 44 4
1406 77 15 3.1 4 2.8 3 5.1 1.0

Ik, = Salting-out constant, ky = salting-in constant,

2n = 1, m = 2, where n and m are binding sites.
=1, m=3.
“n=1m=3
5Sn =1, m = 4.
n=1,m=3

S; = the soluble protein species defined in Equation [1].
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Figure 6. Replots of salting-out constant (k;) values as
a function of KCI concentration (millimolar) obtained for
the calcium-induced precipitation of the low (8) and high
(O) caprine «gy-caseins at 1°C (Tables 4 and 5). Bovine
casein (A) is shown for comparison (19).

cium binding to individual species has been
studied in detail, and the apparent mean associ-
ation constants range from 400 to 1400 L/mol.
These values are compared as log K in Table
6. Several lines of evidence point to the fact
that, for individual caseins, these are indeed
mean constants because they can be dissected

under experimental conditions (21). In general,
this result has been attributed to nonequivalent
phosphate sites or to cooperativity, whereby
the binding of the first calcium enhances that
of the second. From the perspective of the end
use of whole caseins in the presence of cal-
cium, it is uncertain whether or not these
studies on isolated proteins directly apply be-
cause individual caseins are historically sepa-
rated by urea and thus the neighboring casein
components in unfractionated whole casein
may or may not be these found in aggregated
isolated caseins (13).

In experiments with whole casein, addition

of calcium ions results in binding, and older

studies (29) show the mean log K, values to
be in some agreement with those of purified
caseins (Table 6). For whole casein, a progres-
sion of events can be envisioned as a result of
calcium binding. Jang and Swaisgood (13)
demonstrated very high affinity binding to sub-
micelles with log K = 4.2. This binding could
represent the very first set of sites bound prior
to colloid formation. Next, binding to lower
affinity sites produces colloid formation. All
three samples of whole casein used in this
study were roughly similar in colloid stability

TABLE 6. Comparison of salting-out and salting-in constants with association constants for calcium binding to and

precipitation of caseins.

Casein
or
model log k;! log ko log Kp log 1/[Ca?*] 4,
ag1-Casein A, bovine 2.202 1.022 . R
a-Casein B, bovine 2.262 .392 2.6, 2.964 2.554
ag1-Casein, caprine 2.025 955 Ce C
B-Casein, bovine 2.192 ... 2.924 2.254
Whole casein, bovine 1.385 .845 4.26, 3,37

2.77
Whole casein, caprine-high 2.148 .648
Whole casein, caprine-low 1.838 448 c
o-Phosphoserine R 2.23
Glutamate .83

Ik = Salting-out constant, ky = salting-in constant, K =

association constant, and [Ca2+] ., = critical concentration

of CaZ+ at which casein is precipitated; all constants are expressed in liters per mole.

2Farrell et al. (9).
3Dickson and Perkins (7).
4Parker and Dalgleish (21).
SMora-Gutierrez et al. (19).
6Jang and Swaisgood (13).
7Zittle et al. (29).

8This study.



(20). After saturation of colloid-inducing sites,
further binding resulted in precipitation
(destabilization); here again the three caseins
studied were similar in their destabilization as
viewed by the colloid stability test (20). In this
work, we have applied the functional test of
solubility to attempt to discriminate between
the three samples. Because of the higher cen-
trifugal fields, colloidal and calcium-caseinate
complexes are salted out, and, as the calcium
or KCl contents are increased, salting in oc-
curs. Earlier work on agj-casein A demon-
strated that salting out and salting in for cal-
cium caseinate were driven by calcium binding
(9). We have thus attempted to extend the
theory of thermodynamic linkage as developed
by Wyman to this functional test (solubility)
for whole caseins to compare their properties.

In general, the concept of thermodynamic
linkage is to analyze an observable physical
phenomenon that is driven by binding through
the use of binding isotherms. The resultant
binding constants, in our case k; and kj, reflect
the concentration of ligand at the half point for
changes in solubility. However, these constants
are linked to the selected binding, which
results in the physical change. Clearly, binding
to B-casein at 1°C (21) does occur, but, because
the protein is soluble, no thermodynamic link-
age to solubility occurs. Because purified
caseins, as noted, have unequal binding sites,
the salting-out constant (i.e., the final binding
leading to insolubility through charge neutrali-
zation) is expected to not be equal to the mean
binding constant, nor should it be influenced
by environmental conditions (KCl or tempera-
~ ture) in the same fashion as the mean binding
constant either for a purified component or
whole casein.

Comparison of the k; and k; solubility con-
stants with binding constants is made in Table
6. In general, the log k; values for salting out
are always lower than the average binding
constants when kj values are derived from
total calcium contents. When binding is taken
into account (15), the k; values are higher. For
example, log k; for ogj-casein B increases
from 2.26 to 2.47, which is closer but still not
equal to log K (21). Parker and Dalgleish (21),
during their studies of calcium binding,
reported a calculated constant termed Ca?*-
crit, the critical concentration of calcium at
which precipitation begins. The log 1/[Ca?*]cri¢

values for this factor are also given in Table 6.
Substantially better agreement between these
values for bovine o1~ and B-caseins and k; are
seen in Table 6. The Ca2*-crit factor was
calculated during direct calcium-binding
studies (21); here we have computed k; from
solubility data. These two constants computed
in very different ways most likely are related
to the same phenomenon, the calcium-induced
precipitation of casein. The simpler solubility
functionality test computed through ther-
modynamic linkage can thus provide a useful
salting-out constant. Hence, the calcium ion
concentration at 1/k; is 42, 15, and 7 mM for
bovine, caprine low, and caprine high, respec-
tively, and these values provide an insight into
the overall concentrations at which these sys-
tems are soluble, as well as predicting the
extent of maximum solubility (S; and Sj).

The k; is related to salting in. Studies of
this term were conducted at 1°C, at which
temperature  hydrophobic interactions are
minimized. For purified og;-caseins A and B,
these values represent additional calcium bind-
ing leading to resolubilization, and, in the case
of ap-casein A, this was measured directly in
electrophoretic experiments where the protein
became cationic (9). Calcium binding is again
hypothesized as the driving force for salting in.
Thus, ky values derived from thermodynamic
linkage represent the concentration of calcium
at half salting in and are a reflection of the
binding leading to increased solubility. In
general, the k; values reflect binding to weaker
sites, probably carboxyl, as seen from Table 6;
such calcium-carboxyl interactions have been
inferred from Fourier transform infrared meas-
urements (5).

CONCLUSIONS

In summary, the differences in calcium
solubilities of caprine whole caseins under var-
ious conditions of temperature and ionic
strength (KCI) appear to be correlated with the
content of the ag1-casein component. However,
the solubility behavior of caprine whole
caseins characterized by low content of -
casein (5% of total) is more closely related to
solubility properties displayed by bovine
casein (38% of total). Decreasing the tempera-
ture to 1°C dramatically altered the salting out
of both caprine caseins but not bovine casein.



These results suggested that the solubility-
related, calcium-binding properties of caprine
whole caseins are in part determined by the
hydrophobic interactions of the dominant pro-
tein, B-casein, which has a strong salt depen-
dency for both binding and hydration (21, 25,
27). However, salting out of both of the
caprine caseins is effected by competitive K*-
Ca?* binding at 1°C, indicating a role for ionic
interactions as well. Because KCl-dependent
changes do not occur in bovine  caseins,
protein-protein interactions appear to be
stronger in bovine casein where og;-casein
predominates; this result could be due to
stronger concentration-dependent cq-casein-
k-casein interactions. These results clearly
show that alteration in casein composition can
effect the functionality of the whole casein and
that thermodynamic linkage analysis can read-
ily quantitate these differences, which are
linked to calcium binding.

The new findings provide a framework for
further testing and exploration of the effect of
caprine milk casein composition in structural
and energetic terms. Current studies of the
effects of salts on water-binding capacity of
caprine caseins appear promising. As the
casein system continues to be a prototype for
attempts to understand other complex protein
mixtures, studies of the individual subunits in
those systems may also help to interpret the
effects of salts on protein association and dis-
sociation.
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